We present a comprehensive theoretical approach to determine concentrations of dopant impurities in semiconductors. The formalism is applied to the problem of acceptor doping in ZnSe. Formation energies and concentrations of impurities and native defects are expressed as a function of chemical potentials, for which experimentally accessible ranges are calculated. We show that limitations in the achievable hole concentrations can be explained by two mechanisms: one is the competition between various substitutional and interstitial configurations (compensation), the other is the solubility limit imposed by formation of other phases. Nitrogen is most promising among the dopants examined.
I. INTRODUCTION
Limits to semiconductor doping have been widely discussed both in III-V and II-VI compounds. In wide-bandgap semiconductors the problem is particularly acute because typically one type of conduction (n-type or ptype) is very difficult to obtain. Detailed understanding of these phenomena has been lacking. In this paper we present a formalism that allows the determination of defect concentrations, impurity solubilities, and doping levels. It includes a unifying treatment of the various interactions of the dopant with the host lattice (in substitutional or interstitial sites), the role of native defects, and the factors that determine solubility. The key quantities that enter this formulation can be obtained from first-principles electronic-structure calculations.
Our formalism entails the following steps.
(1) Calculation of the total energies of all native defects and of the various configurations that can be assumed by the impurity in the crystal, including lattice relaxations and different charge states.
(2) Application of thermodynamics to express the relevant equilibrium concentrations at the temperature of interest, and determination of the resulting Fermi level from the condition of overall charge neutrality for all impurity configurations, native defects, and free carriers.
At this juncture the results remain functions of two chemical potentials (one for the host crystal, which controls the stoichiometry, and one for the impurity) which are free parameters to be fixed by growth conditions. The physical meaning of these chemical potentials and the way in which they enter the formalism will be discussed in 47 detail. Thermodynamics imposes bounds on the experimentally accessible range of these chemical potentials; the bounds result from the last step of the formalism: (3) Calculation of the heats of formation of competing phases that can be formed out of the constituents (Le., the impurity and the component elements of the semiconductor).
By imposing these bounds we obtain limits on impurity concentrations, Le. we can calculate solubilities.
We illustrate the approach with the technologically important example of ZnSe, in which n-type doping poses no difficulties, but well-conducting, reproducible p-type doping has been very hard to achieve. 1 Despite some impressive recent experimental advances,2-5 the cause of the doping problem has remained unclear. Lithium was the first dopant to yield reproducible, well-conducting ptype ZnSe, with a net acceptor concentration of about 10 17 cm- 3 . 2 ,4 More recently, N doping up to 10 18 cm-3 was achieved and led to the fabrication of a blue'semiconductor laser. 6 In the case of Li, our results will demonstrate quantitatively the competition between substitutional and interstitial impurity configurations, 7 and identify a regime where the desired substitutional form dominates (earlier workS that proposed this competition as the source of compensation did not recognize the existence of such different regimes). Our results will also show that there is a second overriding cause that limits doping, namely the overall solubility which is constrained by the formation of a LhSe phase. 9 These conclusions agree with experimental observations on Li-doped ZnSe; more importantly, they provide guidelines for optimizing 9425 growth conditions. Our investigations of Na indicate qualitative similarities to Li, but significant quantitative differences which render Na unsuitable for p-type doping of ZnSe. Indeed, its low solubility explains the failure of doping attempts with Na. 10 Nitrogen, finally, does not exhibit a substitutional/interstitial competition and, in addition, has the highest solubility.
One of the strengths of the formalism is that it treats native point defects (vacancies, self-interstitials, and antisites) and dopant impurities on an equal footing, allowing us to investigate whether native defects can form a significant source of compensation. 11 We find that under appropriate growth conditions the native defect concentration is usually so low as to be unimportant. We previously arrived at this conclusion from a study of native defect concentrations as a function of Fermi-level position, in which the exact nature of the dopant impurities was left unspecified. 12 Our current results confirm that native defects do not form a generic source of compensation in ZnSe. We also present more detailed information on defect concentrations under various growth conditions.
The present investigation of acceptor impurities in ZnSe relates to an experimental problem of high current interest due to the impact on a blue semiconductor laser; however, we stress that the formalism is a general one that can be applied to the study of doping in any semiconductor system.
II. METHODS

A. Total-energy calculations
In this section we describe how to calculate concentrations of defects and impurities in the semiconductor. In order to obtain quantitative results, one needs reliable values for the total energies of defects and impurities; we have obtained such values from first-principles calculations. The calculations are based on density-functional theory in the local-density approximation,13 and ab initio pseudopotentials. 14 Scalar relativistic effects are included in the pseudopotentials, but spin-orbit splitting is neglected; our calculated bands are therefore averages over the states which would be split due to spin-orbit interactions. The spin-orbit splitting can be introduced as a perturbation. The Fermi-level positions which we will discuss should still be interpreted as referred to the top of the valence band (r8). We use a mixed-basis approach, ensuring an accurate description of the structural properties by explicitly including the d states of the Zn atoms. The basis set contains plane waves with kinetic energy up to 9 Ry, and pseudoatomic orbitals on the Zn and N atoms. 12 In order to achieve a proper description of Li and Na we implement a nonlinear core exchangecorrelation correction. 15
The defect calculations are performed in a supercell geometry, with 32-atom supercells providing adequate accuracy. Relaxations of up to two shells of neighbors are included. Additional details about the calculational approach are given in Ref. 16 . We have used this approach to obtain total energies for the dopant impurities (Li, Na, and N) is a Gibbs free energy, which should include a pressuredependent term; however, this term can be neglected for the solid phase. The Gibbs free energy also contains an entropy contribution; these terms are generally small,12 and they also tend to cancel when comparing relative free energies. 19 The assumption of thermodynamic equilibrium, which underlies the formalism, is expected to be satisfied, particularly in light of the high mobility of various defects and impurities studied here. 12
Before we give a general definition of the formation energy of an impurity or defect in the compound semiconductor, we illustrate the concept with the example of a Li atom on a substitutional Zn site:
e(Li Zn ) is the calculated energy of a supercell containing the LiZn impurity, minus the energy of a reference cell containing the pure bulk semiconductor. These energies are obtained from first-principles calculations, which are described in Sec. II A. The other terms in Eq. (2.2) contain chemical potentials, the physical significance of which we now discuss in some detail.
f.1.Li is the chemical potential of Li. This term enters because the formation energy is the difference between the energy of Li as an impurity, and its energy in a reference state. The reference corresponds to a reservoir of Li atoms, whose energy (at T=O) by definition is the chemical potential. This chemical potential depends on the abundance of Li under the relevant growth conditions. 20 For an element in thermal equilibrium with the gas phase, the chemical potential can be related to the partial pressure of the gas;20 for an ideal gas with partial pressure p one has J. l-J.l-0 -kTlnp. In the literature one often finds studies of defect concentrations as a function of partial pressures. We prefer to work with chemical potentials for the following reasons: (a) Chemical potentials are thermodynamically defined as energy values, which can be directly related to the energies which we calculate from first principles. (b) Although the assumption of thermodynamic equilibrium is likely to be satisfied within the solid, allowing the use of expressions such as Eq. (2.1), it is uncertain to what extent equilibrium is established between the solid and a surrounding gas under experimental conditions such as molecular-beam epitaxy (MBE). Knowledge of the chemical potential in the gas may therefore not necessarily reflect the relevant chemical potential for the solid. (c) Even if thermodynamic equilibrium with the gas is assumed, the relationship between chemical potential and gas pressure is not well known since the gas sources used in MBE do not obey simple ideal gas laws. While this precludes a quantitative determination of chemical potentials in terms of experimentally accessible quantities, we will see that the chemical potentials are subject to rigorous bounds that can be directly related to experimental conditions. The Zn chemical potential J.l-zn appears in Eq. (2.2) because, in order to make room for the substitutional impurity, a Zn atom has to be removed to its reservoir. It is very important to realize that J.l-Zn should be treated as a variable; indeed, in a compound semiconductor only the sum of the chemical potentials of the constituents is fixed, and equal (at T=O) to the energy of a two-atom unit of the material:
In an elementary semiconductor, this condition would uniquely determine the value of the chemical potential; additional freedom exists, however, in a compound semiconductor. We will therefore explicitly present our results as a function of chemical potentials. Equation (2.3) fixes J.l-Se once J.l-zn is chosen; alternatively, J.l-Se could be chosen as the free variable, leading to a fixed J.l-Zn.
The last term in Eq. (2.2) is the Fermi level E F , i.e., the energy of the reservoir delivering the electron responsible for the negative charge on the impurity.
In general the total energy Etot(Di ) for a defect Di will be determined from a calculation for a supercell containing n'fn Zn atoms, n~e Se atoms, and nri Li atoms (we continue to use Li as a sample impurity, but the formulas are valid for a general impurity). The defect formation energy Eform(Di ) is then c. Self-consistent solution An expression based on Eq. (2.4) can be written down for all configurations of the impurity, in their various charge states, as well as for all native defects. Once the formation energy is known, the concentration of a specific defect or impurity can be obtained from Eq. (2.1). At this point, all concentrations are still functions of the chemical potentials (J.l-Zn and J.l-Li), as well as of the Fermi level (EF). The chemical potentials, as explained above, are independent parameters; we will therefore express all our results as functions of these chemical potentials.
The Fermi level, however, is not an independent variable, since it is determined by the condition of charge neutrality:
where p and n are the hole and electron densities, respectively. These free-carrier densities are determined from the standard semiconductor equations. The charge conservation equation provides for an interaction between the concentrations of all charged defects through their influence on the Fermi level. For example, a positively charged defect produces extra free electrons that raise the Fermi level; the higher Fermi level, in turn, increases the concentrations of all negatively charged defects and lowers the concentrations of all positively charged defects. As pointed out by Zhang and Northrup,21 this "negative feedback" reduces the sensitivity of the final results to possible inaccuracies in our first-principles energies. Using this prescription, all of the defect formation energies, and hence the concentrations [DiJ, are unique functions of J.l-Zn, J.l-Li, and the temperature T.
The choice of the chemical potential J.l-Zn also determines the stoichiometry; the stoichiometry parameter X can be defined as To find an upper bound on the chemical potential of the dopant we explore the various compounds that the impurity can form in its interactions with the system. For Li, a possible upper bound on IlLi is of course imposed by Li (bulk) metal. However, the most stringent constraint arises from the compound Li2Se, which leads to the following constraint on the chemical potentials:
Numerical results for the heats of formation, as well as practical applications of the bounds on the chemical potentials, will be given in the following section.
III. RESULTS AND DISCUSSION
A. Lithium
Configurations of Li in the lattice
We have analyzed various possible configurations and charge states of the lithium impurity in the lattice. The substitutional acceptor Li Zn induces virtually no relaxation of the surrounding host atoms. For the lithium interstitial (Lin, which is a shallow donor, we find the Td site surrounded by Se atoms (TJe) to be 0.2 eV lower in energy than the Tin site. For the interstitials, the energy gained by relaxation of the host atoms is smaller than 0.1 eV. We have also studied other interstitial positions, allowing us to estimate that the barrier for migration of the interstitial is less than 0.5 eV (Le., a Li interstitial can move readily, even at room temperature). Finally, we have also investigated Li on a substitutional Se site, but found this configuration to have a prohibitively large formation energy.
Contour plots of total Li concentration
Our results are presented in the form of contour plots, which allow us to explicitly show the dependence on the chemical potentials {tZn and IlLi. As explained in Sec. II C, there is no explicit dependence on Fermi energy, since it is determined by charge neutrality. Figure 1(a) shows a contour plot for the total concentration of Li in ZnSe, at T = 600 K, which is a typical temperature in MBE growth of ZnSe:LL 2 , 4 We first discuss the contour lines themselves. The total Li concentration ([Li]) increases with increasing {tLi, because it becomes more favorable for the impurity to dissolve in the semiconductor as the energy of the reservoir rises. Similarly, [Li] increases with decreasing IlZn, which is the energy of the reservoir to which Zn needs to be removed in order to accommodate Li on Zn sites.
Competition between interstitials and substitutionals
The formation energy for Li in a substitutional location was given in Eq. (2.2). For the interstitial site, where Li is a shallow donor, we have (3.1) £(Lin is the calculated energy of an interstitial Li at its most stable site, which is at the tetrahedral interstitial site surrounded by Se atoms. Inspection of Eqs. (2.2) and (3.1) reveals that as the Fermi level moves down (Le., as the material becomes increasingly p-type), the formation energy of the acceptor species rises, whereas the formation energy of the donor species goes down. This predicts the existence of a limiting Fermi-level position (maximum hole concentration), which can be obtained by equating the two formation energies. Attempts to push the Fermi level lower would result in preferential formation of donors, which would push the Fermi level back up. Incorporation of additional Li leaves the Fermi level unchanged, as each substitutional acceptor is immediately compensated by an interstitial donor. The position of the Fermi level (at 600 K) is shown in Fig. 1(b) ; Li interstitials are responsible for the flattening of the contour lines on the right-hand side of the plot. For a fixed value of IlZn, the Fermi level saturates as IlLi is raised, even though the total Li concentration still increases [see Fig. 1(a) ]. If no interstitials could form, the contour lines would continue to rise with the same slope as in the left-hand side of the plot. The interstitials cause compensation and limit the achievable hole concentration. 7 Their presence has been experimentally observed. 22 ,23 A contour plot of the Li interstitial concentration is shown in Fig. 1 (c) .
The position at which the Fermi level saturates due to interstitial compensation still depends on the Zn chemical potential, as can be noted in Fig. 1 
Bounds on chemical potentials -solubilities
In order to determine solubility limits, we need to use the information about bounds on the chemical potentials discussed in Sec. lID. The bounds on the Zn chemical potential are shown as the horizontal lines in Fig. 1 . For Li, the chemical potential is limited by formation of the compound Li2Se. Formation of Li2Se on the growing ZnSe surface in MBE has actually been experimentally observed in the case of heavy Li doping. 24 The compound Li2Se leads to the line with slope +2 in Fig. 1 , which was defined in Eq. (2.10). The point where this line intersects the lower bound on Jlzn is given by Jl~i = JlLi(bulk) + ~.6.HI(LbSe). Our calculated heats of formation for the various compounds are listed in Table I . For comparison,
(a)
we also list experimental values. The deviations are in line with the expected accuracy of the method.
Our calculated contours, together with the bounds on the chemical potentials, provide important insights in the ability to dope ZnSe with Li. We note that, over much of the range of the Li and Zn potentials, the maximum Li concentration is slightly higher than 10 18 cm-3 • The fact that the slope of the contours in this region coincides with the slope of the LbSe boundary in Fig. 1 ( a) is accidental, caused by the fact that in this region the removal of one Zn atom leads to the incorporation of two Li atoms (one substitutional and one interstitial). 25) heats of formation (in eV per formula unit) for various materials containing Zn, Se, Li, Na, and N. Also listed is the minimum formation energy for the neutral substitutional acceptor in ZnSe, and the corresponding minimum Fermi-level position (in eV, referred to the top of the valence band), at 600 K. Table 1 . At this point of highest Li incorporation, the total Li concentration is 1.7 x 10 19 cm-3 ; fewer than 3% of these Li atoms occur in the form of interstitials.
Solubility-limiting compound
Discussion
Our calculated differences in formation energies and heats of formation have an estimated error margin of ±0.1 eV. At a temperature of 600 K, 0.12 eV roughly corresponds to an order of magnitude in concentration. Also, contours with values of [Li] higher than 10 19 cm-3 are probably inaccurate because Eq. (2.1) is only valid for dilute concentrations; however, these contours fall outside the physically accessible range anyway. While these uncertainties should be kept in mind when considering plots such as Fig. 1 , the qualitative and even quantitative insights are still clear. Some additional conclusions can be drawn. First, even though all native point defects were explicitly included in the calculations, their concentrations are very small over the whole of the accessible range in Fig. 1 . The effect of native defects is noticeable for low /l-Zn values, causing bending of the contour lines; however, their concentration would only become important if /l-Zn < /l-g:~n, which is physically not allowed.
The dominant native defect is the Sezn antisite, which is a donor. Figure 2 shows a contour plot of the Se~! concentration. At the point of highest Li incorporation, the concentration is [Sezn ]=2.6 x 10 17 cm-3 , which is two orders of magnitude smaller than the Li concentration. Clearly the native defect concentration is too low to play any significant role in compensation. However, the concentration may be high enough to be detectable experimentally. Other native defects have concentrations significantly smaller (by more than four orders of magnitude) than the Sezn antisite.
The contour plots presented here were made for a temperature of 600 K, which is typical for MBE growth of ZnSe. The qualitative features of the plots do not change when we change the temperature (within physically reasonable limits). To illustrate the quantitative effect of temperature changes, as we lower the temperature from 600 to 500 K, we find that the total Li concentration is reduced by a factor of 5; the concentration of interstitial Li drops by more than an order of magnitude; and the J-LZn t ~ __________ --, concentration of the dominant native defect (Sezn ) drops by almost two orders of magnitude.
A final point relates to doping of ZnSSe alloys with Li (alloys containing 6% S are commonly used to obtain lattice matching with GaAs substrates): since Li2S is even more stable than Li2Se (larger 1 AHJ I), the bound on /l-Li in the ZnSSe:Li system will lie even lower, leading to reduced solubility in the alloy.
Complea; formation
So far we have only talked about isolated point defects and impurities. In principle we should also consider complexes. Although our formalism is general enough to include any possible complexes, an exhaustive treatment is computationally prohibitive. Inspection of expressions for formation energies actually shows that a complex will only occur in appreciable concentrations (Le., concentrations on the order of or larger than those of the individual defects out of which it is formed) if the binding energy exceeds the larger of the two formation energies of the individual components of the complex. This consideration makes it less likely that complexes would play an important role.
The only complex we have investigated as part of the current study is one consisting of a Li interstitial and a Li substitutional. 26 Formation of such complexes seems plausible, since the interstitial is quite mobile, and the acceptor and donor are Coulombically attracted. Details of the structure will be published elsewhere. 27 The binding energy of this complex is ",0.3 eV. This value is small enough so that these complexes are largely dissociated at a growth temperature of 600 K (in other words, their concentration is small compared to the concentration of the individual components, as discussed in the preceding paragraph). If we assume, however, that the con-centration of Li substitutional and Li interstitial atoms is determined at the growth temperature, and remains fixed as the sample is cooled down, then the concentration of Lizn-Lii pairs will increase as the temperature is lowered. The presence of such complexes should be taken into account in analyses of Fermi level positions and carrier concentrations at room temperature and below. 23 ,27 B. Sodium
We now address Na, another column-! impurity which has been considered as an acceptor dopant in ZnSe. lO The contour plots for the ZnSe:Na system are shown in Fig. 3 . They are qualitatively similar to those in Fig. 1 , but exhibit important quantitative differences. The relevant bound on the Na chemical potential is imposed by the (a) compound Na2Se. The most important result is that the solubility of substitutional Na is significantly lower than that of Li -the maximum concentration obtained from the contour plot is lower than 10 16 cm-3 . At these lower concentrations, very few Na interstitials are present; we also find that the barrier for migration of the N a interstitial is much higher than for Lii. Experimental doping attempts with Na have been unsuccessful;1o our results clearly show that the solubility limit is the culprit, rather than, e.g., compensation due to foreign impurities in the source.
c. Nitrogen
Finally, we discuss N in ZnSe. Nitrogen on a substitutional Se site (Nse ) is a shallow acceptor. The surround-
(c) FIG. 3 . Contour plots of (a) loglO [Na) , where [Na) is the total Na concentration in cm-3 , (b) Fermi level (in eV, referred to the top of the valence band), and (c) IOglO [Nai) , where [Naz) is the interstitial Na concentration in cm-3 , at 600 Kin ZnSe:Na, as a function of Zn and Na chemical potentials. Solid lines indicate bounds on p,Zn and P,N ...
ing Zn atoms undergo a significant inward relaxation, reducing the Zn-N distance to 2.1A. This distance is very close to the Zn-N distance in the compound Zn3N2.28 We have also investigated other configurations, such as the substitutional Zn site and interstitial sites, and found those to be much higher in energy than the substitutional Se site. Thus, N does not suffer from the substitutional/interstitial competition associated with the column-I elements, so that the saturation of the Fermi level which we observed in Fig. l(b) does not occur here. In this work, we have not investigated any relaxation of the impurity away from the ideal lattice site. 29 According to Ref. 29 , in the case of N such relaxations would not interfere with the shallow acceptor character of the dopant; if any relaxations do occur, they would therefore simply lead to a lower formation energy (and hence enhanced concentration) of the shallow acceptor state.
Two bounds on the N chemical potential arise in this case: N2 molecules and the Zn3N2 compound. The compound Zn3N2 has the bixbyite structure,28 which contains 80 atoms in the unit cell. This exceeds the capabilities of state-of-the-art first-principles calculations; we have therefore resorted to calculating a higher-symmetry structure, whose energy closely approximates that of the real compound. With regard to the other bound, our application of N2 molecules as a solubility-limiting phase does not imply that we assume equilibrium between ZnSe:N and N2 gas outside. Rather, we envision formation of some condensed phase involving N 2. such as in a void or in a chemisorbed state. Because of the difficulty in obtaining converged results for the N2 molecule with an acceptable basis set, the energy difference between N2 and Zn3N2 was taken from experiment.
Our results are displayed in Fig. 4 . The bending of the contour lines in the upper part of Fig. 4(b) is due to native defects. Indeed, the N concentration is very low here [less than 10 12 cm-3 ; see Fig. 4 The native defect concentration once again increases as we approach the lower end of the accessible region (low /-£Se, i.e., Zn-rich conditions). The dominant native defect is the Zn interstitial; its concentration as a function of chemical potentials is shown in Fig. 5 . The compensation due to this native defect is still small enough not to pose any threat to the doping. We have verified that this conclusion remains true even if our calculated formation energy for the native defect would be off by several 0.1 eV. The reason the results are not very sensitive to such inaccuracies is the "negative feedback" mechanism discussed in Sec. II C, acting through the coupling of all defect and impurity concentrations via the charge neutrality condition. In addition, the Zni concentration falls off rapidly (faster than the N concentration) as the Se chemical potential is raised, away from its lower bound. Other native defects have concentrations four orders of magnitude smaller than the Zn interstitial. Although our calculations indicate Zn interstitials should be present in N-doped samples in concentrations high enough for experimental observation, other factors have to be taken into account. One such factor is the high mobility of the Zn interstitial,30 which may cause it to move into the substrate or towards the surface. It is also conceivable that Zn interstitials (donors) would form complexes with substitutional N acceptors.
Once again, we have investigated the effect of temperature on our results. Lowering the temperature from 600 to 500 K decreases the total N concentration by a factor of 4; simultaneously, the concentration of Zn interstitials drops by a factor of 20.
(a)
JLSe t ,---_______ ..--__ --, A comparison with Fig. 1 show that N has a solubility significantly higher than Li, which is consistent with experimental results. The failure of nitrogen doping starting from N2 is due to the large kinetic barrier for breaking up the molecule; a plasma source or other technique for obtaining N in an atomic state, or at least N2 in an excited state, is required. 5 Once one succeeds in incorporating atomic (as opposed to molecular) nitrogen into the lattice, N should act as a good acceptor, allowing hole concentrations high enough for useful device applications.
IV. SUMMARY
We have presented a formalism that enables us to calculate impurity concentrations and doping levels in semi-conductors. The technologically important case of acceptor doping in ZnSe was discussed in detail; however, the formalism is quite general in nature and can be applied to any semiconductor and any impurity for which reliable first-principles calculations can be carried out. The computed total energies of impurities and defects allow us to write down formation energies as a function of the atomic chemical potentials and of the Fermi level; the latter is then determined by imposing charge neutrality.
The results are presented in the form of contour plots, which reflect the dependence on chemical potentials. Although the latter are free parameters, which vary with the growth conditions, they are subject to thermodynamic bounds corresponding to formation of other phases (e.g., formation of Li2Se in the case of ZnSe:Li). Imposing these bounds determines the maximum achievable impurity incorporation. In addition, our results provide insight in how variations in growth conditions can promote incorporation of the dopant in the desirable configuration.
For acceptors in ZnSe, we have reached the following conclusions: Although Li suffers from a competition between interstitial and substitutional configurations, appropriate growth conditions can be chosen to suppress interstitial formation. The limited solubility of Li (imposed by formation of LhSe) is a more severe obstacle to the success of Li as a p-type dopant. Sodium suffers from this type of solubility problem to an even greater extent. Nitrogen, finally, emerges as the best choice among the dopants examined here.
